Introduction {#Sec1}
============

The use of lubricating oils under exposure to tritium, elevated temperatures and oxidizing agents results in the accumulation of tritium in the oils and causes structural changes due to oxidation and radiolysis, thereby deteriorating their tribological performance. Consequently, such oils may require frequent changes, and because the amount of accumulated tritium can reach $\documentclass[12pt]{minimal}
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                \begin{document}$$10^3$$\end{document}$ Ci/kg, they should be considered hazardous waste. Tritium-containing waste oils can be generated in fusion test reactors, heavy water reactors, neutron generators and facilities for tritium production, storage, and handling \[[@CR1]\].

A considerable amount of attention has been devoted to assessing the radiological hazards associated with spent tritiated oils \[[@CR1]--[@CR7]\]. From a radiological perspective, tritiated oil wastes are considered to be a mixture of three components: insoluble large tritiated organic molecules, soluble tritiated organic molecules, a part that can be classified as tritium-exchangeable, and tritiated water (HTO) \[[@CR8]\]. The relative ratio of these components, roughly estimated as 8:1:1 \[[@CR8]\], may vary from sample to sample and depends on factors such as oil age, initial composition, and the type of tritium species (e.g., T$\documentclass[12pt]{minimal}
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                \begin{document}$$_2$$\end{document}$, HTO) that the oil has been in contact with.

At present, two main directions for the safe management of tritiated organic wastes (TOW) are being developed. The first is based on the direct immobilization and/or encapsulation of TOW prior to their final disposal. To date, different matrices, including petroleum-absorbing polymers, carbon-based adsorbents, zeolites, alumina, cement, bitumens, and glasses, have been shown to be effective in solidifying, encapsulating, and immobilizing TOW \[[@CR9]--[@CR14]\].

The second approach is based on decontamination, which in its ideal form should allow for both an easy recovery of tritium and the reduction of the radioactivity of wastes to a safe level. Several techniques for the decontamination of TOW have been reported, including vacuum degassing at room or elevated temperatures \[[@CR15]\], air-blowing \[[@CR16]\], vacuum distillation \[[@CR16], [@CR17]\], acid/base- or Raney-nickel-catalyzed isotopic exchange \[[@CR17], [@CR18]\], reaction with metallic sodium \[[@CR19]\], direct oxidation of the entire oil \[[@CR20]\], and adsorption \[[@CR12], [@CR16], [@CR21]\]. Because the contents of both volatile tritiated components and easily exchangeable (labile) tritium in TOW are typically low, the methods based on the removal of these components are rather inefficient. The highest decontamination degree of up to 95 % is achievable for polar adsorbents with the appropriate pore structure. In this case, regeneration of the adsorbent and recovery of the tritium are important aspects related to TOW processing. In the literature, two such methods have been proposed: (i) blowing the adsorbent bed with hot air and subsequent high-temperature catalytic oxidation of the desorbed tritiated species \[[@CR21]\], and (ii) a combined desorption/isotopic exchange conducted using concentrated sulfuric acid at elevated temperatures, followed by neutralization of the acid to release tritium as HTO \[[@CR16]\]. The first method allows for greater enrichment of the generated HTO, which is important for the process economy.

The process of autoxidation of lubricating oils leads to the formation of a large variety of compounds with a broad distribution of molecular masses, thus causing difficulties in their analysis. For this reason, the oxidative stability of the oils and the extent of the oil degradation are typically estimated based on the changes in the average structural parameters or the physicochemical properties. Product identification and mechanistic studies are rare and are typically performed on model compounds, mainly normal alkanes. As shown in \[[@CR22]\], such an approach might not necessarily be relevant to real lubricant base oil oxidation. The presence of ionizing radiation is expected to lead to greater scission of alkyl chains, which contributes to the formation of low-molecular-mass products. Consequently, it becomes easier to identify and quantify the individual components. Such knowledge on the chemical forms of tritium dissolved in the oil is important for developing an optimal method for processing tritium-contaminated oils. Moreover, the data can be used to elucidate the mechanisms of oil degradation and for further studies on the suitable selection of base oils and additives, thus enabling an effective reduction of the waste.

In this study, an attempt was made to apply the technique of solid phase extraction (SPE) to the separation of oxidation products from samples of used tritium-containing oils. As we have shown, this effective and rapid method allows a hydrocarbon oil matrix to be obtained that is free of polar tritiated contaminants, and it enables the easy recovery of such contaminants. The obtained fractions representing oxidation products and the hydrocarbon matrix were subjected to chromatographic and spectroscopic analyses and were measured for tritium radioactivity. This made it possible to identify the main products of the oil's degradation and to determine the detritiation efficiency. Because the initial oil contained considerable quantities of high-molecular-weight acyclic isoprenoids, the analysis of the oxidative/radiation fragmentation products provided an opportunity to verify whether the oxidation mechanisms that occur in real samples are similar to those proposed for branched model compounds. Furthermore, we sought to assess the quality of the regenerated oil via high-temperature simulated distillation.

Experimental {#Sec2}
============

Tritium-containing waste oil samples {#Sec3}
------------------------------------

The samples of tritium-containing waste oils with a specific radioactivity in the range of 10^10^--10^11^ Bq/g \[[@CR21]\] were obtained from a tritium-processing facility and were non-aromatic vacuum pump oils of VM-5 type.

Solid phase extraction (SPE) {#Sec4}
----------------------------

The separation of the oxidation products from tritium-containing waste oils was conducted using normal-phase Discovery SPE cartridges (DSC-Si, DSC-Diol, DSC-CN, and DSC-NH$\documentclass[12pt]{minimal}
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                \begin{document}$$_2$$\end{document}$) obtained from Supelco. Prior to fractionation, the cartridges were conditioned with 6 ml of *n*-hexane. A standard mixture consisting of *n*-octane, *n*-decane, *n*-tetradecane, caproic acid, 2-decanone, 4-dodecanolide, 5-decanolide, 5-dodecanolide, and 5-tetradecanolide dissolved in *n*-hexane was used to develop a separation method. The elution was performed by washing the columns with 1.5-ml portions of solvents of increasing eluotropic strength, i.e., *n*-hexane, dichloromethane-methanol (DCM:MeOH) 8:2 v/v, DCM:MeOH 6:4 v/v, and pure methanol. The collected fractions were spiked with an internal standard solution (cyclohexanone in *n*-hexane) and analyzed via GC-FID.

The developed method was used to separate tritiated contaminants from tritium-containing waste oils. Briefly, an oil sample of approximately 0.1 g was dissolved in 0.5 ml of *n*-hexane and loaded onto a SPE cartridge. Nonpolar fractions were eluted with 3 ml of *n*-hexane and were designated as FR1. The polar fractions (FR2) were obtained by eluting the columns with 3 ml of a DCM:MeOH (7:3 v/v) mixture. The fractions were spiked with internal standards: cyclohexanone in *n*-hexane for FR1, and *n*-decane in *n*-hexane for FR2. Then, the solutions were analyzed via GC-MS and GC-FID.

Gas chromatographic analysis {#Sec5}
----------------------------

The compounds present in the obtained fractions were identified by GC-MS analysis performed using an Agilent 6890N gas chromatograph equipped with a 5973 Mass Selective Detector and a 30 m long, 0.25 mm i.d., 0.25 mm thick film HP5-5MS column (Agilent Technologies).

Quantitative analyses were conducted using a Shimadzu GC 17A gas chromatograph equipped with a flame ionization detector (FID) and a 30 m long, 0.25 mm i.d., 0.25 mm thick film ZB-1 column (Zebron). The injector (splitless, time = 0.80 min) and detector temperatures were 360 and 370 °C, respectively. Helium was used as the carrier gas. The initial column temperature was held for 2 min at 40 °C, and then it was increased at 6 °C/min to a final temperature of 350 °C, which was held for 10 min.

A standard mixture of *n*-alkanes (C$\documentclass[12pt]{minimal}
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                \begin{document}$$_7$$\end{document}$--C$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_9$$\end{document}$ pure compounds and C$\documentclass[12pt]{minimal}
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                \begin{document}$$_{44}$$\end{document}$ ASTM D5307 crude oil quantitative standard from Supelco) dissolved in *n*-hexane and spiked with an internal standard (cyclohexanone, 99.9 %) was used to calibrate the detector response to the paraffinic hydrocarbons. The carboxylic acids were analyzed as their methyl esters, which were prepared as described in the Supplementary Information. The calibration for the carboxylic acid methyl esters was performed using a 37-component (C$\documentclass[12pt]{minimal}
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                \begin{document}$$_{24:0}$$\end{document}$) FAME standard mixture (Supelco). The detector responses to the methyl ketones were calculated relative to those of *n*-alkanes with the most similar boiling points, using the concept of effective carbon number (ECN) \[[@CR23], [@CR24]\]. The average value of the dECN correcting factor of −0.9 was obtained based on the analysis of two model compounds (2-octanone and 2-decanone) and was in good agreement with the literature data \[[@CR23], [@CR24]\].

High-temperature simulated distillation (SIMDIS) {#Sec6}
------------------------------------------------

High-temperature simulated distillation gas chromatography analysis was used to determine the boiling point distribution of the regenerated oil. The sample was prepared as follows. The nonpolar fraction isolated from used tritium-containing VM-5 oil was concentrated by evaporation under a gentle stream of nitrogen. The obtained residue was dissolved in carbon disulfide to a final concentration of 2 wt% and analyzed using a HT-750 analyzer. The analytical conditions were described elsewhere \[[@CR25]\].

Liquid scintillation counting {#Sec7}
-----------------------------

To reduce quenching, the SPE procedure for sample preparation was modified by replacing the DCM-MeOH eluent with a toluene-MeOH mixture that has a similar eluotropic strength. Each fraction was spiked with 0.23 ml of *n*-hexane and 2 ml of scintillation cocktail and measured using a Wallac 1409 liquid scintillation counter using a counting time of 300 s. The procedure was repeated three times to confirm reproducibility. The counting efficiency was determined using reference solutions, which were prepared by SPE in the same manner except that (i) the cartridges were loaded with equivalent amounts of pure *n*-hexane rather than tritiated oil sample solution, and (ii) the obtained fractions were spiked with 0.23 ml of the tritium standard in *n*-hexane.

Infrared spectroscopy (IR) {#Sec8}
--------------------------

IR spectra of tritium-containing oils and solvent-free nonpolar fractions were recorded on a Specord M80 spectrometer in the region of 400--4000 cm$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ using a KBr cell with a 0.70-mm optical path length.

X-ray fluorescence (XRF) {#Sec9}
------------------------

The content of metallic impurities in new and used oils was determined by X-ray fluorescence spectrometry using a Canberra spectrometer equipped with a Si(Li) detector with a resolution of 145 eV, as measured for the 5.9 keV line of $\documentclass[12pt]{minimal}
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                \begin{document}$$^{55}$$\end{document}$Fe. A standard ring-shaped radioisotope source of $\documentclass[12pt]{minimal}
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                \begin{document}$$_{1/2}$$\end{document}$ = 453 days) was used for excitation of X-ray radiation. The measurement time was 30 min. Spectral data were analyzed using the WinAxil software. The concentrations of the elements were calculated using calibration curves obtained for standard solutions of known concentrations.

Results and discussion {#Sec10}
======================

Characterization of used oils {#Sec11}
-----------------------------

The IR spectrum shown in Fig. [1](#Fig1){ref-type="fig"} indicates that the used VM-5 oil contains significant amounts of oxidation products. The broad band with a maximum at 3400 cm$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ confirms the presence of a hydroxyl group, whereas the complex peak at 1715 cm$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ is a characteristic of carbonyl group vibrations.Fig. 1IR spectra of the used tritium-containing VM-5 oil and the regenerated oil

According to \[[@CR15]\], tritium-containing waste oils can be contaminated with mercury. Thus, the processing of the oil often involves the removal of not only tritium but also mercury. The XRF analyses showed that in all of our samples, the mercury content was below the detection limit (12 $\documentclass[12pt]{minimal}
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                \begin{document}$$\upmu$$\end{document}$g/g \[[@CR26]\]). Only one sample, stored in a metal container for a period of ca. 4 years, contained considerable amounts of metallic impurities, mainly iron (1.44 ± 0.01 %), zinc (0.010 ± 0.001 %), and copper (0.030 ± 0.001 %). Metallic pollutants were not detected in any other samples.

SPE method development {#Sec12}
----------------------

To develop a procedure for separating the polar oxidation products from used hydrocarbon oils, 4 different SPE phases and a set of eluents of increasing polarity were examined. Optimization was performed using a mixture of model components, i.e., *n*-alkanes, methyl ketones, lactones, and carboxylic acids, all of which represent the classes of compounds identified in the used VM-5 oil.

All of the tested SPE sorbents showed high capability for separating *n*-alkanes from the polar test components. Alkanes were quantitatively eluted with only 2 $\documentclass[12pt]{minimal}
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                \begin{document}$$\times$$\end{document}$ 1.5 ml of *n*-hexane. The application of an additional portion (1.5 ml) of the eluent did not increase the recovery of the test compounds by more than 1 %. GC-FID analyses reveled that for all SPE phases, the obtained *n*-hexane fractions were free from polar test components. The total recoveries of *n*-alkanes obtained for the eluent volume of 4.5 ml are listed in Table [1](#Tab1){ref-type="table"}.Table 1Total recoveries of *n*-alkanes determined for the various SPE phases using the standard test mixtureColumnRecovery (%)*n*-oktane*n*-dekane*n*-tetradecaneDSC-Si100.7 ± 1.1100.0 ± 1.096.3 ± 0.7DSC-NH$\documentclass[12pt]{minimal}
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                \begin{document}$$_2$$\end{document}$99.3 ± 1.399.0 ± 1.295.0 ± 2.2DSC-CN98.0 ± 0.997.8 ± 0.896.4 ± 2.5DSC-Diol100.3 ± 0.6100.1 ± 2.198.4 ± 5.1

The total recoveries of the polar components that eluted from the SPE columns with 3 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\times$$\end{document}$ 1.5 ml DCM:MeOH (8:2 v/v) mixture are collected in Table [2](#Tab2){ref-type="table"}. For DSC-Si, DSC-CN, and DSC-Diol columns, quantitative recovery of the polar test components was achieved with a 2 $\documentclass[12pt]{minimal}
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                \begin{document}$$\times$$\end{document}$ 1.5 ml DCM-MeOH mixture. In the case of the aminopropyl phase (DSC-NH$\documentclass[12pt]{minimal}
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                \begin{document}$$_2$$\end{document}$), the fractions eluted by the first two aliquots of 1.5 ml of DCM-MeOH contained only small quantities of ketones and lactones, and virtually no caproic acid. An additional dose (1.5 ml) of DCM-MeOH eluent did not result in an increased recovery for caproic acid but did improve the recovery of ketones and lactones (Table [2](#Tab2){ref-type="table"}). However, the total recoveries of ketones and lactones obtained for DSC-NH$\documentclass[12pt]{minimal}
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                \begin{document}$$_2$$\end{document}$ were still lower than those achieved for the three other SPE sorbents. Such behavior suggests that the interaction of polar test components with the aminopropyl phase is considerably stronger than that with the other sorbents tested. The observed irreversible sorption of carboxylic acids under the applied separation conditions is in accordance with other studies \[[@CR27]\]. The washing of carboxylic acids out of the aminopropyl column is possible, but it requires a strong acid, typically formic or acetic, to be applied as an eluent.Table 2Total recoveries of polar compounds determined for the various SPE phases using the standard test mixtureColumnRecovery (%)Caproic acid2-decanone4-dodecanolide5-decanolide5-dodecanolide5-tetradecanolideDSC-Si96.3 ± 5.194.0 ± 1.199.3 ± 10.0104.0 ± 5.3100.2 ± 13.091.3 ± 14.4DSC-NH$\documentclass[12pt]{minimal}
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                \begin{document}$$_2$$\end{document}$0.0 ± 0.179.2 ± 2.479.3 ± 9.582.5 ± 7.076.8 ± 7.871.7 ± 9.7DSC-CN92.9 ± 3.389.9 ± 2.799.1 ± 12.394.9 ± 8.5101.1 ± 12.0104.4 ± 6.2DSC-Diol86.9 ± 4.490.1 ± 2.794.2 ± 14.3100.3 ± 16.497.4 ± 14.094.3 ± 15.9

Separation of oxidation products from waste oil {#Sec13}
-----------------------------------------------

The developed method was applied for the separation of polar oxidation products from used tritium-contaminated VM-5 oil. Following the extraction on SPE columns, two well-separated fractions were obtained: a nonpolar fraction (hydrocarbon oil matrix) and a polar fraction (oil oxidation products). The absence of oxidation products in the regenerated oil, obtained by evaporating the solvent from the nonpolar fraction, was confirmed by IR analysis (Fig. [1](#Fig1){ref-type="fig"}).Fig. 2The residual $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$-activity of the tritium (%) in the nonpolar fractions that were isolated using different SPE phases

The percentage contributions of tritium activity in the isolated fractions, determined via LSC, are shown in Figure [2](#Fig2){ref-type="fig"}. The highest efficiency for tritium removal was achieved for DSC-Si and DSC-Diol phases, which made it possible to obtain nonpolar fractions with tritium activities lower than 5 % of the initial value. The obtained efficiency was similar to or greater than those previously reported for other adsorption-based procedures. For example, stirring undiluted oil with Florisil sorbent for 24 h allowed the tritium content in the oil to be decreased to 8 % \[[@CR12]\]. The application of wide-pore adsorbents, such as silica gel, alumina, and zeolites (NaX, CaX, and NaY), allowed the tritium content in the oils to be reduced to 5 % \[[@CR16], [@CR21]\]. Adsorption on narrow-pore zeolites (NaA, KA, and NaM) and microporous active carbons was not as effective, allowing purified oils with tritium contents in the range of 36--17 % to be obtained \[[@CR16], [@CR21]\]. Compared to these studies, the present SPE-based method allows the extraction time to be significantly reduced. Furthermore, we found that the polar components can be qualitatively eluted to the polar fraction with as little as 3 ml of DCM-MeOH, with no tritium activity loss in the column. The absence of non-reversible sorption of polar components provides an easy and convenient way to regenerate the sorbent and recover tritium.

The high efficiency of polar adsorbents in the removal of tritiated contaminants suggests that the majority of tritium is bonded to oxidation products. This implies that the helium tritide ion ($\documentclass[12pt]{minimal}
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                \begin{document}$$^+$$\end{document}$) plays a significant role in the process of tritium incorporation into the oils. This species is formed with nearly 95 % efficiency during $\documentclass[12pt]{minimal}
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                \begin{document}$$_2$$\end{document}$ molecules \[[@CR28]\]. Due to the low proton affinity of helium (177.8 kJ/mol) \[[@CR29]\], $\documentclass[12pt]{minimal}
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                \begin{document}$$^+$$\end{document}$ has exceptionally strong acidic properties and is capable of protonation (tritonation) of all organic compounds. The oxidation products present in the system act as effective triton acceptors (i.e., Brønsted bases), thus leading to the accumulation of tritium in subsequent ion-molecule triton transfer reactions.

For the DSC-CN phase, the respective nonpolar fraction contained higher residual tritium activity (ca. 11 %). The lower efficiency of the DSC-CN phase in tritium removal can possibly be explained by taking the hydrogen bonding (HB) capability into account. DSC-Si and DSC-Diol phases posses both HB donor and HB acceptor sites, whereas in the case of the DSC-CN phase, its HB donor capability is significantly suppressed due to the lack of protons in the cyano group and end-capping of residual silanol groups. This means that most of the polar compounds should show lower retention on the DSC-CN phase. For example, carboxylic acids are capable of forming H-bonds with DSC-Si and DSC-Diol phases of both SP--OH$\documentclass[12pt]{minimal}
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                \begin{document}$$\cdots$$\end{document}$HO--C(O)R type, whereas with the DSC-CN phase, they can only form SP--C$\documentclass[12pt]{minimal}
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                \begin{document}$$\cdots$$\end{document}$HO--C(O)R H-bonds (SP denotes stationary phase, and R stands for residual alkyl of the analyte molecule). Ketones and lactones are capable of forming SP--OH$\documentclass[12pt]{minimal}
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                \begin{document}$$\cdots$$\end{document}$O hydrogen bonds with both DSC-Si and DSC-Diol phases, but they are unable to form H-bonds with the DSC-CN phase, and only dipole-dipole interactions are responsible for separation in this case. Note that lower recoveries on the DSC-CN phase were not observed for the test components; however, compounds of relatively low molecular mass were used in that case.

Characterization of the nonpolar fraction {#Sec14}
-----------------------------------------

A high-temperature gas chromatogram of the regenerated oil obtained from the nonpolar fraction is shown in Fig. [3](#Fig3){ref-type="fig"}. The initial and final boiling points of the regenerated oil, determined via SIMDIS, are 265 and 717 °C, respectively. Such a wide boiling range suggests that both low-molecular-mass products (bp \< 480 °C), resulting from the scission of hydrocarbon chains, and high-molecular-mass products (bp \> 540 °C) due to cross-linking were formed during service. Both components are expected to be absent in fresh oil, and their presence in vacuum oils is undesirable. The former, due to their high volatility, reduce the performance of equipment, whereas the latter contribute to the increase in the viscosity of the oil and present a potential risk of accumulating in the form of deposits. We found that the concentration of low-molecular-mass products was below 1 wt% but that of high-molecular-mass components was more significant (ca. 14 wt%). It is well known, however, that the products of radiation-induced cross-linking are typically more branched than the parent compounds, and as a result, they typically show relatively low melting points. Thus, the observed changes do not preclude the possibility of re-using regenerated oils.Fig. 3SIMDIS high-temperature gas chromatogram of the regenerated oil Fig. 4Chromatogram of the low-molecular-mass products present in the nonpolar fraction. Normal and methyl-branched alkanes were designated as 'C*x*' and '*i*C*x*', respectively, where *x* denotes the number of carbon atoms (*N* ~c~). (Color figure online)

The structural identification of the low-molecular-mass products present in the nonpolar fraction was performed using GC-MS. The obtained chromatogram (Fig. [4](#Fig4){ref-type="fig"}) showed the presence of *n*-alkanes, monomethylalkanes, and acyclic isoprenoids (isopranes) ranging from C7--C24 (Table [3](#Tab3){ref-type="table"}).Table 3The main classes of compounds identified in used tritium-containing VM-5 oilCompound typeStructureDesignation^a^Normal alkanesC$\documentclass[12pt]{minimal}
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Fig. 5Concentration profiles (mass fraction vs. the number of carbon atoms*N* ~c~) of normal and branched compounds: alkanes present in the nonpolar fraction (**a**); ketones (**b**) and fatty acids (**c**) present in the polar fraction. (Color figure online)

In the instances where the interpretation of the mass spectral fragmentation patterns was ambiguous, the identification of the components was confirmed by comparing their Kovats retention indices with those reported in the literature or determined for the products of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma$$\end{document}$-radiolysis of the standard isoprenoids (squalane and phytane). Radiation fragmentation of squalane made it possible to easily obtain a homologous series of methyl-branched alkanes, such as 2,6-dimethyl-, 2,6,10-timethyl-, and 2,6,10,15-tetramethylalkanes \[[@CR30]\]. Regarding phytane, it was also possible to obtain 3,7-dimethyl-, 3,7,11-timethyl-, and 3,7,11,15-tetramethylalkanes. The high content of methyl-branched alkanes, relative to that of *n*-alkanes (Fig. [5](#Fig5){ref-type="fig"}a), suggests that they were formed as a result of the oxidative and/or radiolytic scission of high-molecular-mass isopranes that were present in the initial oil in high quantities. This assumption was confirmed by $\documentclass[12pt]{minimal}
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                \begin{document}$$^{13}$$\end{document}$C NMR spectroscopy (data not shown) by the presence of intense signals with chemical shifts of 24.45 and 24.79 ppm. These signals are characteristic of C atoms in the --CC(C)C**[C]{.ul}**CC(C)C-- and CC(C)C**[C]{.ul}**CC(C)C-- fragments, respectively \[[@CR31]\]. The occurrence of the high relative amounts of some methyl-branched fragmentation products and the absence of others can easily be explained, first, by the abstraction of the tertiary hydrogen atoms being favored over the primary and secondary ones, and second, by a chain scission that preferably occurs between the highly substituted carbons. A detailed study on the radiation-induced scission of these isoprenoids will be reported elsewhere.

The same classes of compounds were identified in the VM-5 oil sample that was exposed to $\documentclass[12pt]{minimal}
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Characterization of the polar fraction {#Sec15}
--------------------------------------

The portion of the IR spectrum covering the carbonyl region (Fig. [6](#Fig6){ref-type="fig"}) is complex, which indicates the presence of a variety of different types of carbonyl carbon compounds in the waste oil. The deconvolution of this band suggests that methyl ketones, carboxylic acids, and lactones were most likely to occur in the polar fraction. A similar conclusion can be drawn from the analysis of the ESI-MS spectrum shown in Fig. [7](#Fig7){ref-type="fig"}, which exhibits the presence of a series of peaks in the mass range *m/z* 100--350 due to the protonated molecular ions (M + H$\documentclass[12pt]{minimal}
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                \begin{document}$$^+$$\end{document}$. The main classes of compounds identified in the used tritium-containing oil are listed in Table [3](#Tab3){ref-type="table"}.Fig. 6Deconvolution of the carbonyl region of the IR spectrum of used oil Fig. 7ESI-TOF-MS spectrum of the polar fraction isolated from the used VM-5 oil. (Color figure online)

To obtain deeper insights into the chemical composition of the polar fraction, we used characteristic fragment ions and retention indices in the GC-MS analysis. Thus, for methyl ketones, the characteristic mass fragments used were *m/z* 43, 58, and M$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta$$\end{document}$-irradiation and should produce pseudo-homologues of both acids in comparable quantities, which was indeed observed. Such a process is also believed to contribute to isoalkane fragmentation products.Fig. 8GC-MS analysis of the underivatized compounds present in the polar fraction. For marker description, see Table S1 in the Sup. Info. (Color figure online) Fig. 9GC-MS analysis of fatty acid methyl esters (derivatized polar fraction). For marker description, see Table S1 in the Sup. Info. (Color figure online) Scheme 1Oxidation reactions of the acyclic isoprenoid alkanes. The identified stable products are marked in *red*. (Color figure online)

Conclusions {#Sec16}
===========

A quick and simple procedure was developed by using the SPE technique for the separation of the oxidation products from the waste tritium-contaminated oils. Due to the high efficiency of the removal of the polar tritiated compounds, the normal-phase sorbents can be applied during one of the initial stages of the waste oil decontamination/rerafination, allowing for the removal of up to 95 % of tritium. The application of SIMDIS enables the assessment of the quality of the regenerated oil that was obtained from the nonpolar fraction.

The main products of the mineral-based oil oxidation under exposure to tritium gas includes fragment methyl ketones, carboxylic acids, and lactones. In accordance with the literature \[[@CR16], [@CR21]\], these products were found to accumulate most of the tritium. The changes in the nonpolar fraction are manifested by the occurrence of both low-molecular-mass and high-molecular-mass products, which can potentially be responsible for the deterioration of the oil's properties. The identified low-molecular-mass compounds (*n*-alkanes, monomethylalkanes, and acyclic isoprenoids) are analogous to those that appear during $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma$$\end{document}$-irradiation of the VM-5 oil under oxygen-free conditions. The oxidative/radiation-induced scission of the long-chain acyclic isoprenoids that are present in the initial oil leads to a variety of fragmentation products with an isoprenoid skeleton, thus confirming, on a real sample, the significance of the competing reaction pathways that were previously deduced for model branched alkanes.
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